The mechanisms by which human oligodendroglial cells, KG-1-C cells, phagocytose mycobacteria, especially Mycobacterium leprae, were studied. The ability of glial cells to phagocytose M. Ieprae was inhibited by azide, dinitrophenol (inhibitors of oxidative phosphorylation), and iodoacetamide but not fluoride (both are inhibitors of glycolysis). Thus, the energy metabolism dependency is somewhat different from that of peritoneal macrophages and polymorphonuclear leukocytes, the phagocytic capacities of which are mainly dependent on glycolysis. Phagocytosis of M. leprae by KG-1-C cells was markedly suppressed by a microfilament inhibitor (cytochalasin B) but not microtubule inhibitors (colchicine and vinblastine), as with macrophages. The phagocytosis of M. leprae by KG-1-C cells was dependent on the lipid and somewhat on the sugar ligands of the organism. Moreover, the phagocytosis of a given mycobacterium by KG-1-C cells correlated well with its hydrophobicity, thus revealing the importance of some lipid moieties on the surface of bacteria in the establishment of rigid binding interaction of bacteria with KG-1-C cells, before the onset of engulfment. Electric charge of a given microorganism did not correlate with its phagocytosis by KG-1-C cells.
In foregoing work, we found that human oligodendroglial cells, KG-1-C cells, and mouse Schwann cells from dorsal root ganglion ingested Mycobacterium leprae and other acid-fast bacilli (11) . The former cells also phagocytosed microorganisms other than mycobacteria of a small size but not large particles such as Candida albicans (.5 jxm) and sheep erythrocytes (.10 ,um) . This indicates that the oligodendroglial cells and, presumably, Schwann cells cannot engulf a given particle by a zippering mechanism, as is the case in macrophage phagocytosis of opsonized erythrocytes (2) . We extended the study to determine the mechanisms by which the oligodendroglial KG-1-C cells phagocytose M. leprae and other mycobacteria.
MATERIALS AND METHODS
Cells. Human oligodendroglial KG-1-C cells (5) , donated by E. Miyake, Kyushu University, Fukuoka, Japan, were used.
Organisms. The following mycobacteria were used. M. leprae Kurume-Naha, Mycobacterium lepraemurium Hawaiian, Mycobacterium tuberculosis H37Rv, Mycobacterium marinum Shiromaru, Mycobacterium intracellulare 31F093TD, Mycobacterium scrofulaceum ATCC 19981, and Mycobacterium chelonae 481. Staphylococcus aureus 209P and Escherichia coli K-12 were also used. The details were the same as described in the previous report (11) .
Phagocytosis. The ability of KG-1-C cells to phagocytose the above organisms was measured by the method reported previously (11) . Briefly, a monolayer culture of KG-1-C cells on a 14-mm plastic sheet in a 15-mm-diameter culture well ( a The phagocytic ability of KG-1-C cells, represented by the number of ingested bacilli per cell, in the absence of agents was fixed at 100. The means (n = 2) are indicated. The average yariation was 15% of each mean value.
In these cases, phagocytosis was done at a multiplicity of infection of 10, and control phagocytosis (no additions) was 3.87 M. leprae per cell.
'-, Concentration potently toxic to cells.
d At these concentrations, some minor changes in cell morphology, such as rounding, were occasionally seen.
e At this concentration, considerably rounded cells were seen in more than half of the cells, presumably due to cytotoxicity of the inhibitor. In the other cases, all the treated cells were morphologically normal. The glial cells with normal morphology were counted for their phagocytosis of M. leprae. experiment showed that the ability of mouse Schwann cells to phagocytose M. leprae was inhibited by energy metabolism inhibitors more markedly than that of KG-1-C cells:
90% inhibition by 1 mnM sodium azide, 79% inhibition by 0.01 mM dinitrophenol, and 68% inhibition by 1 mM sodium fluoride.
Effects of chemical and enzymatic treatments of M. leprae on phagocytosis by KG-1-C cells. Sodium periodate treatment of M. leprae, which oxidizes and splits sugar residues on the cell surface, caused a moderate decrease in phagocytosis by KG-1-C cells (Table 2) . Moreover, degradation and deprivation of lipid components by treatment with lipase and chloroform-methanol extraction, respectively, markedly reduced the phagocytosis of M. leprae by KG-1-C cells. It is Fig. 2A and B) . The correlation was much higher in Schwann cells than in KG-1-C cells. Scanning electron micrographs of KG-i-C cells ingesting M. leprae. Figure 3 shows scanning electron micrographs of glial cells which are engulfing (Fig. 3A) or binding (Fig. 3B) M. leprae. As indicated in Fig. 3A , the KG-1-C cells seem to phagocytose M. leprae by some type of sinking mechanism (4) but not a zippering mechanism (2), which is dependent on a rigid interaction of Fc receptors with opsonized particles and active membrane function tg form protuberances and invaginations. The first contact of M. leprae with the KG-1-C cell was frequently noted to be achieved by binding of the microorganism to the cell in a point-to-point fashion (Fig.  3B, arrow) .
DISCUSSION
In this study, we investigated mechanisms by which human oligodendroglial KG-1-C cells phagocytose M. leprae and other microorganisms. From the results obtained, the following data have to be considered. First, phagocytosis of M. leprae by KG-1-C cells was at least partly dependent on energy metabolism of the cells (Table 1 ). The KG-1-C cells are dependent on a more aerobic oxidative metabolism for energy needs for phagocytosis than on glycolysis. This phenomenon is similar to that observed in phagocytosis of polystyrene latex beads by the protozoan Acanthamoeba (18) . However, it is different from the phagocytic energy requirements of mouse peritoneal macrophages and polymorphonuclear leukocytes, because they are known to be largely dependent on glycolysis for phagocytosis (1, 8, 9) . Thus, as proposed by Weisman and Korn (18) for phagocytosis of latex beads by Acanthamoeba, the present result may not necessarily indicate a close relationship between phagocytosis of M. leprae by KG-1-C cells and the oxidative phosphorylation of KG-1-C cells. Rather, the glial cells are probably obligate aerobes, and viability is stringently dependent on the oxidative pathway. This may be also the case in phagocytosis of M. leprae by Schwann cells, since the phagocytic function of Schwann cells was much more sensitive to oxidative phosphorylation inhibitors than glycolysis inhibitors. Second, phagocytosis of M. leprae by KG-1-C cells was inhibited by cytochalasin B but not colchicine and vinblastine. Therefore, it is regarded that phagocytosis by KG-1-C cells is dependent on microfilament functions but not microtubule functions. Similar observations were made for phagocytosis of macrophages (6) . Third, some lipid moieties and sugar ligands may play an important role in the phagocytosis of M. leprae by KG-1-C cells ( Table 2 ). The dependency of affinity of M. leprae to KG-1-C cells on its lipid ligands is consistent with the observation that hydrophobicity of a given mycobacterium (including M. leprae) correlated well with its affinity to KG-1-C cells and Schwann cells (Fig. 3) . On the other hand, incomplete inhibition of the phagocytosis of M. leprae by KG-1-C cells caused by sugars, even at a concentration of 100 mM, may indicate that sugar ligands on M. leprae cells are only partly required for the interaction with KG-1-C cells. This also suggests that certain receptors on KG-1-C cells, the existence of which is assumed from the electron micrograph of KG-1-C cells binding to M. leprae (Fig. 3B) , are not strictly specific to sugar ligands or that the binding locus of the receptors on the glial cells does not mainly consist of sugar ligands. In relation to this, it is thought that the electric charge of the cell surface of microorganisms is not a factor which determines the affinity of the organisms to KG-1-C cells (Fig. 1) , and it is noteworthy that the KG-1-C cells could markedly phagocytose bacteria having a strong negative charge, such as M. tuberculosis and M. leprae. This is a phenomenon similar to that reported for the phagocytosis of particles by phagocytic cells such as polymorphonuclear leukocytes (14, 20) . This suggests that some positively charged ligands of glycoprotein, such as glycophorin in macrophages (14) , play a central role in attachment of M. leprae and other microorganisms to the glial cells. Therefore, the role of sialic acids with a negative charge for binding interaction of glial cells to M. leprae can be excluded. Indeed, the importance of hydrophobicity of a given microbe as a phagocytosing object may indicate that interactions between the ligands of the microorganisms and KG-1-C cells due to van der Waals forces at a number of sites are required for the onset of engulfment of the microbial cell by KG-1-C cells. Hydrophobic interactions contribute to the adherence of microorganisms, such as E. coli (15) and Acinetobacter calcoaceticus (10) , to their host cells. As reviewed by Van Oss (17), bacterial hydrophobicity is also thought to be important in adherence. In any case, it may be that M. leprae is internalized into the cytoplasm of the glial KG-1-C cells only with the aid of hydrophobic bindings due to van der Waals forces but without the aid of rigid interactions between particular ligands on M. leprae and their specific receptors on KG-1-C cells.
